In the present study, the relationship between the microstructure and the mechanical properties of Fe-10 pct Mn-3 pct Al-2 pct Si-0.3 pct C multi-phase steel was investigated. The 10 pct Mn multi-phase steel exhibits a combination of high tensile strength and enhanced ductility resulting from deformation-twinning and strain-induced transformation occurring in succession. A pronounced intercritical annealing temperature dependence of the tensile behavior was observed. The annealing temperature dependence of the retained austenite volume fraction, composition, and the grain size was analyzed experimentally, and the effect of the microstructural parameters on the kinetics of mechanical twinning and strain-induced martensite formation was quantified. A dislocation density-based constitutive model was developed to predict the mechanical properties of 10 pct Mn multi-phase steel. The model also allows for the determination of the critical strain for dynamic strain aging effect.
I. INTRODUCTION
HIGH-MN austenitic steels are being considered for use in automotive car body applications as they combine ultra-high strength with a large ductility. [1] This is in part due to various strain hardening-enhancing mechanisms which are affected by the thermodynamic stability, grain size, stacking fault energy (SFE), and the chemical composition of the austenite phase. [2] [3] [4] There are two main strain hardening-enhancing mechanisms in ferrous austenitic alloys: twinninginduced plasticity (TWIP) and transformation-induced plasticity (TRIP). TWIP steels exhibit deformation twinning. Mechanical twinning is due to the passage of Shockley partials along every successive {111} plane. The boundaries of the resulting twins act as obstacles to dislocation motion. As the density of the twins gradually increases with strain, a dynamic Hall-Petch effect is obtained, which results in a high work hardening rate. [5] Dynamic strain aging (DSA) also affects the properties of high-Mn TWIP steel with a high C content, leading to an additional increase of the work hardening. [6, 7] The DSA is caused by interaction between dislocation and mobile obstacles, i.e., C-substitutional atom complexes. [6] The DSA effect also results in localization of plastic deformation, i.e., Portevin-Le Chatelier (PLC) bands, and serrated tensile stress-strain curves.
High-Mn TRIP steels are characterized by a stressinduced or strain-induced martensitic transformation of the metastable austenite phase. Two types of martensite may be formed, hexagonal e-martensite and cubic a¢-martensite depending on the deformation temperature, the strain rate, and the chemical composition of austenite. [8] [9] [10] The passage of Shockley partials along every second {111} plane results in the formation of e-martensite. The occurrence of the TWIP effect and TRIP effect (e-martensite) is dependent on the SFE. Lee et al. [11] reported that the mechanical twinning is activated when the SFE is higher than 20 mJ/m 2 , while the TRIP effect (e-martensite) becomes the main plasticity-enhancing mechanism when the SFE is less than 15 mJ/m 2 . The SFE is determined by the temperature and the composition of the austenite phase. For example, C and Al additions increase the SFE, while the Si additions reduce the SFE. [2] The cubic a¢-martensite is nucleated at intersections of shear bands, i.e., stacking faults, mechanical twins, or thin e-martensite plates, during deformation. [11] [12] [13] The formation of strain-induced a¢-martensite transformation significantly affects the mechanical behavior of austenitic steel by increasing the work hardening rate, which leads to high ultimate tensile strength at large elongations.
In a previous study, a new concept of 10 pct Mn multi-phase steel with a ferrite-austenite microstructure obtained by intercritical annealing was introduced. [14, 15] The yield strength of the ferrite was higher than that of austenite. The presence of the hard ferrite phase and the refinement of the austenite grain size resulted in a high yield strength of approximately 850 MPa. [14] The austenite exhibited deformation twinning at strains less than about 20 pct. When the twin volume fraction reached its saturation value, the strain-induced a¢-martensite transformation was initiated at twin-twin intersections. The occurrence of two successive strain hardening-enhancing mechanism, which will be referred to as the TWIP-TRIP transition, resulted in a combination of an ultra-high strength of about 1100 MPa and a considerably enhanced ductility characterized by a total elongation of about 65 pct. [14] The control of the kinetics of twin and martensite nucleation is therefore a key aspect of the design of 10 pct Mn multi-phase steel. The kinetics of the TWIP and TRIP effect can be optimized by selection of the appropriate intercritical annealing temperature (T IA ). The schematic of Figure 1 illustrates the effect of the intercritical annealing on the stability and the SFE of the room temperature austenite phase obtained by intercritical annealing. The steel is initially fully austenitic during hot rolling. Athermal martensite transformation occurs when the austenite is cooled to room temperature, and the strain-induced martensite transformation occurs in the retained austenite during cold rolling due to the low austenite stability (M s > RT). During intercritical annealing, however, C and Mn partition to austenite, thereby increasing both the stability and the SFE of the austenite. The selection of T IA determines the volume phase fraction and the chemical composition of the intercritical austenite at room temperature. As T IA decreases, the C and Mn partitioning to the intercritical austenite increase, resulting in a higher austenite stability (M s < RT) and an increase of the room temperature SFE (>20 mJ/m 2 ), if the annealing temperature is high enough. The possibility to obtain a combination of plasticity-enhancing mechanism, i.e., the TWIP-TRIP effect, is therefore directly related to the selection of the appropriate T IA . [15] In the present study, the room temperature tensile behavior of a 10 pct Mn multi-phase steel was investigated as a function of T IA . A constitutive model of the tensile properties of the 10 pct Mn multi-phase steel was developed based on the annealing temperature dependence of the kinetics of the TRIP and TWIP effect.
In addition, the critical strain for the onset of DSA was investigated. Previous reports on the DSA effect in high-Mn TWIP steel have shown that DSA is strongly influenced by deformation temperature, strain rate, and steel composition. [16] [17] [18] DSA in multi-phase Mn steel has not yet been studied and the present work analyzes the role of ferrite on DSA.
II. EXPERIMENTAL
The chemical composition of steel used in the present work was Fe-10 pct Mn-0.3 pct C-3 pct Al-2 pct Si (in mass pct). Ingots were prepared by vacuum induction melting and hot-rolled after reheating at 1473 K (1200°C) to produce a 2.5-mm-thick sheet. The hotrolled sheets were pickled, cold-rolled to 50 pct reduction, annealed at a T IA in the range of 973 K to 1173 K (700°C to 900°C) for 10 minutes, and cooled to room temperature at a rate of À30 K/s. ASTM-E8 subsized tensile test samples with the tensile axis aligned parallel to the rolling direction were prepared after intercritical annealing. The tensile tests were carried out at a strain rate of 10 À3 /s using a universal tensile testing machine. The tensile tests were interrupted at different strains to measure the evolution of the volume fraction of straininduced martensite by means of a portable ferrite analyzer. The microstructure analysis included observations by field emission scanning electron microscopy (FE-SEM) and orientation imaging (OIM) by means of electron backscattering diffraction (EBSD). Field emission transmission electron microscopy (FE-TEM), including quantitative chemical composition analysis of the phases by means of an energy dispersive spectroscopy (EDS), was also carried out. EDS was used to measure the Mn content of austenite and ferrite as a function of annealing temperature. The C content was computed using the lever rule. It was assumed that C was not soluble in ferrite. The ferrite phase volume fraction was determined by EBSD and magnetic saturation. In addition, X-ray diffraction (XRD) was also used to determine the phase fractions. [19] The samples used for microstructural analysis were polished to remove the surface damage and subsequently electropolished at room temperature in a solution of 95 pct CH 3 COOH + 5 pct HClO 4 to remove the strained surface layer that may have been formed during the mechanical polishing.
III. CONSTITUTIVE MODEL FOR 10 PCT MN MULTI-PHASE STEEL
The tensile flow stress (r) of the 10 pct Mn multiphase steel was assumed to satisfy the following law of mixture [20] :
Here r c , r a , and r a 0 are the flow stress of austenite, ferrite, and strain-induced a¢-martensite, respectively. F c , F a , and F a 0 are the volume fractions of austenite, ferrite, and strain-induced a¢-martensite, respectively.
The flow stress for each phase (r i ) was expressed as follows:
Here r i YS is the yield strength and q i is the stored dislocation density of each separate phase. b i is the magnitude of the Burgers vector, l i is the shear modulus, and M is the Taylor factor, which was taken as 3.06 and 2.95 for austenite and ferrite, respectively. A is a numerical constant equal to 0.4. The subscript i indicates the phase, i.e., austenite, ferrite, or martensite.
The yield strength for each phase, r i YS , was computed as follows:
Here r i s is the solid-solution strengthening contribution and K i is the Hall-Petch parameter. d i is the average grain size. The value of the Hall-Petch parameter for austenite and ferrite was 274 [21] and 573 MPa/lm 0.5 , [22] respectively. These K i values are for fine-grained austenite and ferrite, as the grain size in 10 pct Mn multiphase steel was less than 2 lm. The following empirical relations for solid-solution strengthening were used for austenite, ferrite, and martensite [23, 24] :
Here X j c and X j a are the concentrations, in mass pct, of alloying element j in austenite and ferrite, respectively.
The dislocation density evolution in each phase was obtained by computing the balance of the dislocation storage and the dislocation annihilation via dynamic recovery by means of the Kocks-Mecking model [25] :
½7 P i is a coefficient related to grain size, k 1 is the dislocation storage coefficient, k 2 is the dislocation annihilation coefficient, and K i is the dislocation mean free path. Bouaziz et al. [26] defined the term P i in Eq. [7] as the probability for a dislocation to avoid being absorbed in a grain boundary. They formulated P i by considering the processes of dislocation storage at grain boundaries and dislocation annihilation in grain boundaries caused by diffusion, as follows:
c is a critical grain size. Equation [8] indicates that if grain size is smaller than this critical grain size d i c , the rate of dislocation annihilation in grain boundaries is faster than the dislocation storage rate at grain boundaries. This effect results in a reduced boundary strengthening effect at small grain sizes.
In Eq. [7] K i is dependent on the grain size, the mean twin plate spacing and the mean martensite lath spacing, as both the grain boundaries and phase boundaries, interfere with dislocation movement. The twin and martensite plates formed in the austenite grains during deformation act as strong obstacles to dislocation motion. The different sources of dislocation storage can all be taken into account when computing K i for austenite by means of the following general equation for the dislocation mean free path [27, 28] :
Here k T and k a 0 are the mean twin spacing and the mean martensite lath spacing, respectively. The dislocation mean free path for ferrite and martensite was obtained by considering the average grain size of ferrite and the lath width of the martensite. The mean twin and martensite spacing was expressed as follows:
Here F T;a 0 is the volume fraction of twins or a¢. c T;a 0 is the twin thickness and the a¢ lath width, which were taken as 30 [28] and 200 nm, [29] respectively. Olson and Cohen [13] reported that the intersection of shear bands, i.e., stacking faults, e-martensite laths, and twin plates, acts as effective nucleation sites for strain-induced a¢-martensite in low SFE material. In previous work, it was shown that a¢-martensite nucleated at twin-twin intersections. [14] The volume fraction of strain-induced a¢-martensite was expressed as follows:
Here b is a coefficient related to the probability that a twin intersection can form a martensite nucleus, and n is an exponent related to the probability that twins form twin intersections.
The evolution of the volume of mechanical twin was expressed as follow [28] :
F 0 is the saturation volume fraction of twins, a is a coefficient related to the probability that an intersection of perfect dislocations forms a twin nucleus, and m is an exponent related to probability that perfect dislocations intersect. [30] The fraction of strain-induced a¢-martensite was reformulated by substituting Eq. [11] in Eq. [10] :
The parameter b¢ combines the parameter b and the factor (F c F 0 ) n , i.e., b¢ = b(F c F 0 ) n . The TRIP kinetics are a function of the austenite volume fraction and the parameters b¢, b, and n. The volume of strain-induced a¢-martensite was measured experimentally, and the parameters b¢ and a were obtained by fitting Eq. [12] to the experimental data. The strain dependence of the volume of mechanical twins was then calculated by means of Eq. [12] .
The T IA dependence of the tensile behavior of the 10 pct Mn multi-phase steel was deduced from the kinetics of mechanical twinning and a¢-martensite formation determined by means of tensile tests.
Finally, the iso-work theory was used to take into account the strain partitioning between austenite, ferrite, and martensite [27, 31] :
Here de c , de a , and de a 0 are strain increments in austenite, ferrite, and martensite, respectively. The increment of the applied strain (de) was expressed by the following law of mixture:
IV. RESULTS
Figure 2(a) shows the pseudo-binary equilibrium Fe-C phase diagram for the Fe-10 pctMn-x pctC-3 pctAl-2 pctSi steel obtained by means of the computational thermodynamics software package ThermoCalc. The calculated annealing temperature dependence of the equilibrium phase fractions is compared to the experimentally measured phase fractions in Figure 2 (b). There is some difference between the calculated and experimentally measured volume fraction, the volume fraction of ferrite obtained by experiments being higher than predicted by ThermoCalc. The T IA range where the microstructure contains both austenite and ferrite is also broader than the range predicted by ThermoCalc. The volume of ferrite affects the chemical composition of the retained austenite due to the partitioning of the alloying elements. The composition of ferrite obtained by Ther- The composition of the retained austenite was therefore calculated by means of the lever rule using the ferrite volume fraction and composition. The Mn content obtained by this approach matched the EDS results. The C content was computed using the lever rule assuming that C was not soluble in ferrite. The Mn and C content of the retained austenite were found to have a pronounced dependence on T IA . This was not the case for the Al and Si content. Figure 3 shows the calculated room temperature SFE of the intercritical austenite as a function of T IA . [2] The results indicate that the SFE increases with the decreasing T IA , as a result of the C and Mn partitioning during intercritical annealing. Deformation twinning is expected to be activated at room temperature in the austenite after annealing at 1173 K (900°C). No strain hardening-enhancing mechanism is expected to occur at room temperature in the austenite after annealing at 973 K (700°C).
Figures 4(a) and (b) show the EBSD phase map after annealing at 973 K and 1173 K (700°C and 900°C), respectively. The results show the T IA dependence of the phase fraction and the grain size. The T IA dependence of grain size of ferrite and austenite is shown in Figure 4(c) .
The austenite grain size was considerably reduced with the decreasing T IA , while the ferrite grain size was not influenced by changes in T IA . The grain size of austenite is known to affect the kinetics of deformation twinning [32] and strain-induced transformation. [4] An austenite grain size refinement increases both the austenite stability and the SFE. [33] The grain size of retained austenite was found to be ultra-fine, i.e., with a grain size less than 1 lm, when the 10 pct Mn multi-phase steel was intercritically annealed at temperatures lower than 1023 K (750°C). The C and Mn partitioning associated with a decrease of T IA lead to an increased austenite stability. Figure 5 shows the engineering stress-strain curves and the T IA dependence of the mechanical properties of intercritically annealed 10 pct Mn multi-phase steel. The tensile behavior was clearly influenced by the choice of T IA . The yield strength increased with the decreasing T IA due to a higher volume fraction of ferrite and grain refinement. The lowest work hardening rate was obtained after annealing at 973 K (700°C), i.e., when the intercritical austenite had the highest thermodynamic stability and the highest room temperature SFE. The highest work hardening rate was obtained after annealing at 1173 K (900°C), i.e., when the intercritical austenite had a lower stability and the lowest room temperature SFE. The total elongation increased with the increasing T IA from 973 K to 1073 K (700°C to 800°C), while it decreased with the increasing T IA in the temperature ranging from 1073 K to 1173 K (800°C to 900°C). The 10 pct Mn multi-phase steel achieved a very large total elongation after intercritical annealing at 1073 K (800°C).
The successive activation of deformation twinning at low strains and strain-induced a¢-martensite nucleation at twin-twin intersections at high strains has been reported previously by Lee and De Cooman. [14] The excellent total elongation of 10 pct Mn multi-phase steel was shown to result from the successive activation of the TWIP and the TRIP effect. In addition, the room temperature DSA effect was enhanced at higher T IA . The T IA dependence of the DSA will be discussed in a later section. Figure 6 shows SEM micrographs of 10 pct Mn multi-phase steel before and after tensile testing. After annealing at 973 K (700°C), i.e., in the case of high room temperature austenite stability and high SFE, the SEM micrograph of the fractured sample did not reveal the formation of twins or a¢-martensite when compared to the SEM micrograph of the un-deformed material (Figures 6(a) and (b) ). After annealing at 1073 K (800°C), SEM micrographs of the fractured 10 pct Mn multi-phase steel clearly showed the presence of new lath-type features due to deformation (Figure 6(d) ). The austenite parent grains containing lath-type features also contained very thin plate-like features. The corresponding SEM micrographs of un-deformed 10 pct Mn multi-phase steel did not exhibit these features, as can be seen in Figure 6 (c). The lath-type and thin plate features were identified as martensite and twins, respectively. After annealing at 1073 K (900°C), i.e., in the case of low room temperature austenite stability and low SFE, the SEM micrographs shown in Figures 6(e) and (f) reveal the presence of a large volume fraction of staininduced lath martensite in austenite grains. Initially, the work hardening rate increased after the termination of the yield plateau associated with the formation of a Lu¨ders band, and subsequently the work hardening rate decreased at high strain. However, there was an increase of the work hardening rate for samples annealed at a T IA higher than 1023 K (750°C). TEM micrographs of 10 pct Mn multi-phase steel strained to 20 pct after annealing at 1073 K (800°C) are shown in Figures 7(b) and (c) . A strain of 20 pct corresponds to the onset of the increase of work hardening rate as indicated by a rectangle in Figure 7 (a). The TEM micrographs reveal the presence of strain-induced a¢-martensite nuclei at twin-twin intersections. The increase of the work hardening rate was therefore due to the strain-induced formation of a¢-martensite. The strain at which the increase of the work hardening rate caused by TRIP effect was observed decreased with the increasing T IA , for T IA values higher than 1023 K (750°C). In samples intercritically annealed at 1173 K (900°C), the TRIP effect was activated directly after yielding.
V. DISCUSSION

A. Constitutive Model
The volume fraction of strain-induced a¢-martensite was measured experimentally as a function of strain and fitted to Eq. [12] as shown in Figure 8(a) . After annealing at 1173 K (900°C), a large volume fraction of a¢-martensite was formed during deformation. The TRIP effect was initiated at higher strains for samples intercritically annealed at lower T IA due to the higher austenite stability. After annealing at 973 K (700°C), no martensitic transformation occurred during tensile testing. The volume fraction of mechanical twins was calculated by substituting the value of the parameter a, determined by curve fitting, into Eq. [11] as shown in Figure 8 (b). The parameter values used in present study are listed in Table I .
Mechanical twinning occurred during the deformation of austenite obtained after intercritical annealing at lower T IA , which resulted in a decrease of the room temperature SFE. The martensite transformation was nucleated at twin-twin intersections. The high density of twins obtained during deformation of samples intercritically annealed at a higher T IA allowed for the efficient nucleation of the TRIP effect at twin-twin intersections.
The kinetic parameter, a, is related to the room temperature SFE of the austenite phase. [13] Figure 8 (c) shows the relation between the parameter a and the SFE. The parameter a decreases exponentially with the increasing SFE and the decreasing intercritical annealing temperature. Saeed-Akbari et al. [34] reported that the small austenite grain size limits deformation twinning and delays the formation of twin-twin intersection. Volosevich et al. [35] reported that the SFE increases as the austenite grain size decreases, especially below 5 lm. A coarse grain size and a low SFE, therefore, accelerate the formation of twin-twin intersections and result in a high driving force for martensite transformation. The parameter b¢ is related to DG c!a 0 , the chemical driving force for the transformation of austenite to a¢-martensite. [13] Figure 8 (d) shows the linear relationship between b¢ and the M s temperature of the room temperature austenite phase. The M s temperature, which is related to DG c!a 0 , was calculated using literature data. [4] Figure 9(a) compares calculated stress-strain curves with experimental measurements. The figure reveals an excellent agreement between model calculations and the experimental results for the parameters values listed in Table II . In addition, the T IA dependence of the work hardening rate was also correctly predicted by the model calculations. An initial dislocation density of 10 12 and 10 15 /m 2 was used for austenite and martensite, respectively. [14] The initial dislocation density of ferrite was assumed to be same as that of austenite. The model parameters were assumed to be constant, i.e., independent of T IA , except for k 1 , the coefficient for forest hardening of the austenite. The forest hardening is dependent on the C content of the retained austenite because the interstitial C atoms in the Mn-C point defect complexes interact strongly with dislocations. This results in an additional hardening effect. [36] The T IA dependence of the forest hardening coefficient k 1 used in the model calculation is given in Table III. Figures 10(a) and (b) show calculated stress-strain curve taking into account the microstructural parameters and the strain hardening-enhancing mechanisms. The calculations correspond to the tensile behavior of 10 pct Mn multi-phase steel intercritically annealed at 1073 K (800°C). As ferrite is harder than austenite, the contribution of ferrite to the increase of the yield strength for decreasing values of T IA is more pronounced than the grain refinement. The strain hardening of ferrite is relatively low, as expected. The austenite, however, has a lower yield strength but a higher work hardening due to the activation of the TWIP effect or the TWIP-TRIP effect. The calculation allows for the comparison of the relative contribution of the TWIP and the TWIP-TRIP effect on the work hardening. The mechanical twinning increases the work hardening rate because it acts as obstacle for gliding dislocation resulting in a dynamic microstructural refinement, also known as the dynamic Hall-Petch effect. Several constitutive models for TWIP and TRIP steels have been developed. [27, 28, 37] Kim et al. [37] showed that the work hardening rate of twinned grains was much higher than for un-twinned grains in 18 pctMn-0.6 pctC TWIP steel. The model in the present work, however, shows that the increase of the work hardening rate caused by the TWIP effect is less pronounced than the increase caused by the TRIP effect in 10 pct Mn multi-phase steel. The differ- ence could be due to the grain size of the austenite. A reduction of the austenite grain size to a value less than a critical value of about 1.5 lm strongly reduces the dislocation storage capacity and results in a low grain boundary strengthening. [26, 27] The austenite grain size in 10 pct Mn multi-phase steel was close to this critical grain size after annealing at 1073 K (800°C). The additional microstructure refinement caused by the TWIP effect will also effectively contribute to a smaller grain size, further limiting the dislocation storage capacity in intercritically annealed 10 pct Mn multiphase steel. In contrast, the strain-induced martensite transformation locally replaces the austenite with a harder, more voluminous phase. The local volume expansion injects mobile dislocations into the microstructure. This effect and the local hardening by a¢ formation result in a considerable strengthening. Equation [7] predicts that the probability P i , that a dislocation will not be absorbed in a grain boundary, increases with increasing the austenite grain size. The strengthening caused by the TWIP effect and TRIP effect is therefore more effective when the grain size is larger than a critical grain size of 1.5 lm. Lee et al. [27] showed similar results with a pronounced enhancement of the work hardening rate caused by the TRIP effect. 
B. Dynamic Strain Aging
The critical strain for the onset of DSA decreased with increasing T IA . After annealing at 1173 K (900°C), the DSA effect, i.e., the occurrence of discontinuities on the stress-strain curves associated with strain localization, occurred as soon as the plastic deformation started. No DSA was observed for samples intercritically annealed below 1073 K (800°C). The T IA affects the chemical composition of the intercritical austenite and the volume fraction of ferrite. Both Mn and C partitioning to austenite occur during intercritical annealing. The main reason for the occurrence of DSA is the strong attractive interaction between dislocations and C-Mn point defect complexes. [38] The C content of the intercritical austenite reaches a maximum value during annealing at 973 K (700°C). 10 pct Mn multiphase steel, however, showed no DSA after annealing at 973 K (700°C). In contrast, after annealing at 1173 K (900°C), i.e., when the C and Mn content in austenite reached a minimum value, the DSA was pronounced. DSA is inhibited by the addition of Al, as it results in a decrease of the C activity. [39] DSA is known to occur in ferrite at temperatures slightly higher than room temperature due to the low room temperature C diffusivity. In austenite, DSA is affected by the stacking faults. [40] Room temperature DSA in austenite is due to the re-orientation of the C atom in C-Mn point defect complexes during their interaction with stacking faults. The interaction between stacking faults and C-Mn complexes is more likely in a low SFE austenite than in a high SFE austenite. The austenite SFE in the 10 pct Mn multi-phase steel had its lowest value in samples intercritically annealed at 1073 K (900°C).
It is not known whether the DSA mechanism discussed in the previous paragraph applies in the case of 10 pct Mn multi-phase steel. In 10 pct Mn multi-phase steel, the strain is partitioned between austenite and ferrite during tensile deformation. This implies that the strain partitioning will also affect the strain rate in each phase. In general, the DSA effect is reduced at a higher strain rate because the interaction time of the interstitial atoms or interstitial-substitutional point defects with the dislocation decreases. [6] The effect of a second phase on DSA has been studied for Al-Mg alloys. [41] [42] [43] DSA was reduced by an aging treatment resulting in the formation of Al 2 O 3 precipitates. [41] These precipitates acted as obstacles to gliding dislocation and interfered with the development of the dislocation avalanches which result in the formation of the PLC bands related to DSA. The effect of a separate second phase, rather than precipitates, on DSA has not yet been reported. In present study, a simple explanation Fig. 8-(a) T IA dependence of volume fraction of a¢-martensite during tensile testing of 10 pct Mn multi-phase steel. (b) Volume fraction of mechanical twins derived from the kinetics parameter of a¢-martensite transformation in Eq. [12] . (c) T IA and SFE dependence of the parameter a. (d) T IA and Ms temperature dependence of the parameter b¢.
b for the influence of the ferrite phase on the DSA behavior of austenite is therefore presented.
The serrations in stress-strain curve are related to the formation and propagation of PLC bands. A serration occurs when a PLC band embryo grows to sample-scale dimensions across the width of tensile specimen. [18] In the growth mechanism for a deformation band proposed by Hahn, [44] the dislocations generated within the PLC band embryo are injected a small distances into the surrounding matrix. The increase of the dislocation density and the deformation rate of the matrix adjacent to the band embryo results in the growth of the deformation band. In a polycrystal, the stresses adjacent to grain boundaries can easily generate secondary slip in surrounding grains. When the local stresses in the adjacent harder grains are already higher, no secondary dislocation formation occurs. The stress partitioning can therefore interfere with the growth of PLC bands and suppress the jerky flow behavior. If the second phase is a softer phase, however, DSA could in principle be enhanced. [41] In present study, it was assumed that an interaction between dislocations and mobile obstacles, such as C-Mn complexes or interstitial C atoms, was possible in both austenite and martensite but that room temperature DSA did not occur in ferrite. These two assumptions are reasonable because while high-Mn austenitic TWIP steel containing about 0.6 pct C is known to be susceptible to room temperature DSA, ferrite is only susceptible to DSA at higher temperatures. [18, 45] When the contribution of the austenite/martensite to the flow stress, i.e., r c F c þ r a 0 F a 0 , is higher than the contribution of the ferrite, i.e., r a F a , it is assumed that serrations related to DSA will be observed on the stress-strain curves. Figure 12 (a) shows the contribution to the flow stress of austenite/martensite and ferrite obtained by the constitutive model. The ferrite is stronger than the austenite prior to deformation. The relative contribution of ferrite to the strength decreases in samples intercrit- Table I . Parameter Values for the TRIP Effect (b¢ and n) and the TWIP Effect (a, m, and F 0 ) in Eqs. [11] [14] TWIP effect a 2.7 3 3.5 4.5 8 m 2 [28] F 0 0.2 [28] Fig [27] 2.1 [27] 2.1 [27] ically annealed at increasing T IA due to a reduction in the ferrite volume fraction, the higher work hardening rate of austenite, and the contribution of the TWIP and TRIP effect to the strain hardening. The strain at which the difference in strength between ferrite and austenite will lead to a suppression of the DSA is therefore reduced with the increasing T IA . When the flow stress difference between ferrite and austenite is zero, PLC band embryos can propagate between the phases and grow to sample-scale size, resulting in serrated stressstrain curves. Figure 12 (b) compares T IA dependence of the critical strain for the onset of DSA measured experimentally and obtained by model calculation. There is a good agreement between the experimental results and the model calculation. When T IA was lower than 1073 K (800°C), the total elongation was less than the calculated critical strain for DSA initiation. The DSA-related serrations were therefore not observed in the stress-strain curves. On the other hand, the DSArelated serrations were clearly present in the stressstress curves of samples intercritically annealed at a T IA higher than 1073 K (800°C) due to the low flow stress of ferrite. 
VI. CONCLUSIONS
The intercritical annealing temperature dependence of the mechanical behavior of 10 pct Mn multi-phase steel was investigated. The succession of the TWIP effect and the TRIP effect occurring during deformation was achieved after annealing in a specific intercritical temperature range. It was shown that the dependence of the mechanical properties on the intercritical annealing temperature affected the volume fraction of ferrite, the austenite grain size, and the room temperature SFE of austenite.
The kinetics of the TRIP effect resulted in excessive a¢-martensite formation and the premature fracture after annealing at 1173 K (900°C). No TWIP or TRIP effect occurred after annealing at 973 K (700°C) and the absence of a plasticity-enhancing mechanism resulted in a low ductility.
After intercritical annealing at 1073 K (800°C), the initial TWIP effect was succeeded by the TRIP effect when the rate of twin formation decreased. The combination of the TWIP effect and the TRIP effect in succession resulted in an ultra-high strength and a large elongation.
A constitutive model considering the T IA dependence of the TWIP and TRIP effects was developed. An excellent agreement between model calculations and experimental results was obtained. The model calculations showed that the strengthening caused by the TRIP effect was more pronounced compared to the TWIP effect because the dynamic Hall-Petch strengthening mechanism resulting from the TWIP effect was less effective in ultra-fine-grained 10 pct Mn multi-phase steel.
In addition, the model was used to predict the critical strain for DSA by assuming that the onset of the serrations on the stress-strain curve was dependent on the difference in the flow stress of ferrite and austenite.
